
A
h

S
D

a

A
A

K
C
B
S
D

1

a
t
t
n
l
c
c
c
a
p
l
[
a
c
p
o
o
s

0
d

Catalysis Today 165 (2011) 10–18

Contents lists available at ScienceDirect

Catalysis Today

journa l homepage: www.e lsev ier .com/ locate /ca t tod

dsorption and activation of CO2 over the Cu–Co catalyst supported on partially
ydroxylated �-Al2O3

huxia Yin, Todd Swift1, Qingfeng Ge ∗

epartment of Chemistry and Biochemistry, Southern Illinois University, 1245 Lincoln Drive, Carbondale, IL 62901, United States

r t i c l e i n f o

rticle history:
vailable online 11 January 2011

eywords:
O2 adsorption and activation
imetallic catalyst
upport effect
ensity functional theory

a b s t r a c t

A multi-component catalyst offers an opportunity to regulate the conversion of CO2 toward the desired
product through the synergistic effect of different active components. Herein, the effect of incorporating
Cu into a cobalt-based cluster, supported on the partially hydroxylated �-Al2O3 (1 1 0) surface, on CO2

adsorption has been studied using periodic density functional theory calculations. Three CO2 adsorption
modes were identified on these Co–Cu bimetallic clusters: (a) CO2 symmetrically binds the bridge site
of the metals through mixed carbon/oxygen coordination with the metal atoms; (b) CO2 asymmetrically
adsorbs at the interfacial site via carbon/oxygen–metal coordination and hydrogen bonding to the sur-

face hydroxyl; and (c) protonated CO2 at the interface. The incorporation of Cu into a cobalt-based cluster
reduces the binding strength of the adsorbed CO2 and changes the favorable site of CO2 adsorption: the
most favorable adsorption site for CO2 adsorption changes from the bridge site of the Co4 cluster to
the interfacial sites of the Co3Cu and CoCu3 clusters. The interfacial structure is stabilized by hydrogen
bonding with the surface hydroxyl group, resulting in an asymmetrically activated CO2 adsorption com-

be hy
plex. This complex may
oxygenate products.

. Introduction

Catalytic conversion of carbon dioxide has gained increasing
ttention in recent years as it provides a promising way to utilize
he unlimited source of CO2 to produce valuable chemicals within
he current energy infrastructure as well as contribute to reducing
et CO2 emission to the atmosphere [1,2]. Transition metal cata-

ysts supported on a range of metal oxides have been studied in the
atalytic CO2 conversion by reacting with H2 or natural gas. The
onversion products, ranging from methane or methanol to long
hain hydrocarbons, are determined by the type and nature of cat-
lysts as well as reaction conditions, such as feedstock ratio and
ressures. Many studies have been focused on discovering cata-

ysts with high activity and selectivity toward the desired products
3–17]. Catalysts with a second metal as a cocatalyst or promoter
re common for CO2 activation and conversion. In these multi-
omponent catalysts, the arrangement of atoms and the interfacial

roperties can be controlled to optimize the activity and selectivity
f the catalytic process. On the other hand, due to the complexity
f the reaction occurring on multi-component catalysts, an under-
tanding of the catalytic mechanism at the atomic level cannot be

∗ Corresponding author. Tel.: +1 618 453 6406; fax: +1 618 453 6408.
E-mail address: qge@chem.siu.edu (Q. Ge).

1 REU student from Case Western Reserve University.

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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drogenated directly by the co-adsorbed hydrogen atoms, leading to the

© 2010 Elsevier B.V. All rights reserved.

easily achieved. Herein, we present a theoretical investigation on
the adsorption and activation of CO2 over a bimetallic cluster sup-
ported on the hydroxylated alumina surface. We hoped to provide
some insights into the effect of introducing a second metal on the
reactivity of the catalyst as well as its implication for the ultimate
selectivity.

Cu-based catalysts dispersed on oxides, such as �-Al2O3, SiO2
and ZrO2, have been widely studied for CO2 hydrogenation, to
produce methanol, and reforming CH4, to produce synthesis gas
[6–12]. Furthermore, CO2 has been co-fed with CO and H2 in pro-
ducing hydrocarbon through Fischer–Tropsch (F–T) synthesis. Both
Co- and Fe-based catalysts have been explored for F–T synthesis in
the presence of CO2 [13–17]. Early studies reported a promotion
effect of Cu to F–T rate on the Fe-based catalyst [18–20], mani-
fested as the addition of Cu to the Fe catalyst enhancing the rate
of the iron oxide reduction and resulting in a more active cata-
lyst. The promotion effect of Cu for CO2 hydrogenation through F–T
synthesis has been observed by Iglesia’s group [14] on the Fe–Zn
catalysts. Lee and his coworker also studied CO2 conversion and
selectivity of Fe–Cu–K catalyst on the supports including Al2O3,
SiO2 and TiO2 as well as the metal structural promoters such as V,

Cr, Mn and Zn [15]. They confirmed the Cu and K promotion effect
and found that Al2O3 as a support enhances CO2 chemisorption.
They showed that the addition of Cr, Mn and Zn generated more
basic sites and increase the selectivity toward C2–C4, and among
which Zn gives the highest selectivity. On the contrary, the pres-

dx.doi.org/10.1016/j.cattod.2010.12.025
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:qge@chem.siu.edu
dx.doi.org/10.1016/j.cattod.2010.12.025
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nce of Cu in the Co catalyst was found to reduce the rate of F–T
ynthesis in an early study [18]. Very recently, Jacobs et al. have
eported an EXAFS study on the Cu promoted Co/Al2O3 F–T cat-
lyst [21]. They observed that although adding Cu facilitates Co
eduction, the increased fraction of reduced Co did not lead to a
igher density of active sites because Cu tends to cover the rim of
o clusters, which reduces the CO conversion rate and causes the
electivity to the light components to increase. On the other hand,
he addition of a small amount of noble metal to the supported Co
atalyst in F–T synthesis [22–26] resulted in an increased catalytic
ctivity. Dorner et al. investigated the hydrogenation of CO2 on the
o–Pt/Al2O3 catalyst [17]. These authors reported that the predom-

nant product was methane, with a small fraction of longer chain
ydrocarbons being produced as the pressures and H2/CO2 ratios in
he feed decrease. The increased hydrogenation rate in the presence
f Pt was attributed to the increase of the reduced Co whereas the
hange of the product distribution was attributed to the presence
f other active sites on the surface.

Generally, the processes of CO2 conversion are regulated by
any factors, including catalyst/co-catalyst, supporting oxides,

romoters as well as reaction environment. In particular, the struc-
ure of the metal catalyst on the support can be modified by varying
he ratio of the active components, which in turn influences the
ensity and distribution of the active sites for adsorption of CO2
nd the reaction intermediates. Despite so many investigations of
ulti-component catalysts, the function of catalytic metals as well

s the reaction pathway is still ambiguous. Therefore understand-
ng CO2–metal interactions and the synergy of metal-support and

etal components at catalyst–oxide interfaces is key to resolv-
ng the complex catalytic process and achieving rational catalyst
esign. There are a few theoretical studies on CO2–catalyst or CO2-
rystal surface interactions [27–33] whereas even few studies on
he mechanism of the catalyst reactivity regulated by the cata-
yst composition change. Here we made an attempt to study CO2
dsorption on a model bimetallic catalyst supported on an alumina
urface and tried to understand the role of catalyst composition
uning on CO2 conversion.

Focusing on the atomic level detail of CO2–cluster–support
nterfacial interaction, we report a periodic density functional the-
ry study of CO2 adsorption and activation on Co–Cu bimetallic
lusters supported on �-Al2O3 (1 1 0) surface, with Co/Cu ratio vari-
tion. As mentioned above, copper is much less active than cobalt
nd reduces the rate of F–T synthesis when used as a promoter
18]. However, as a commonly used catalyst for methanol, it may
ncrease the selectivity toward methanol. These two effects may
roduce a synergy in the catalyst based on the two metals. Exper-

mentally, �-alumina has been widely used as a support for many
eterogeneous catalysts, due to its high porosity and the pres-
nce of acid and base sites, and availability [34]. Additionally, it
s observed to increase CO2 adsorption [15]. Here we selected a
etramer bimetallic cluster of Co and Cu supported on �-Al2O3
o explore the CO2 adsorption at cluster–support interface. The
omparative studies of CO2 on clusters with different Cu/Co ratios
emonstrate that the active sites for CO2 adsorption can shift by
uning the metal composition, which in turn affects the reaction
nergetics and leads to a change in the product distribution.

. Computational details

Density functional theory periodic slab calculations were car-
ied out using the Vienna ab initio simulation package (VASP)

35–37]. The projector augmented wave method was employed
o describe the interactions between ion and electrons [38].
he exchange and correlation energy was evaluated using the
erdew–Burke–Ernzehof (PBE) form of the generalized gradient
pproximation (GGA) functional [39]. The cutoff energy for the
y 165 (2011) 10–18 11

plane wave basis set was set to 400 eV. The Brillouin zone inte-
gration was performed with the k points generated from 2 × 2 × 1
Monkhorst–Pack grid [40]. The atomic structures were optimized
using the conjugated gradient algorithm and/or the quasi-Newton
scheme until the forces on the unconstrained atoms were less than
0.03 eV/Å. Spin-polarization was included in all our calculations to
account for the magnetic nature of Co.

We adopted the model of the partially hydroxylated �-Al2O3
(1 1 0) surface based on our previous studies [30–32]. The super-
cell includes twelve Al2O3 units distributed in six layers and a 12 Å
vacuum, and has a dimension of 8.404 Å × 8.018 Å × 19.182 Å. In
the surface unit cell, one H2O molecule dissociates into a hydroxyl
occupying a three-coordinated Al site and a proton binding a
neighboring two-coordinated O site. Consequently, there are two
hydroxyls produced in each surface unit cell, corresponding to a
OH coverage of ∼3 OH/nm2. In all calculations, the bottom two lay-
ers were fixed at their bulk positions whereas the top four layers
as well as the adsorbed clusters, hydroxyls and CO2 were allowed
to relax. The binding of Co3Cu and CoCu3 clusters on the above
hydroxylated surface were first explored in both planar and tetra-
hedral configurations. CO2 was then added to the supported cluster.
Bader-charge analysis was used to characterize the stable structural
configurations [41,42]. The adsorption energy of CO2 is defined as:

�Ead = ECO2–cluster/�-Al2O3
− Ecluster/�-Al2O3

− ECO2

where ECO2–cluster/�-Al2O3
, Ecluster/�-Al2O3

and ECO2 are the total ener-
gies of the slab with adsorbed cluster and CO2, the slab with only
cluster adsorbed, and the isolated CO2 molecule, respectively. A
more negative adsorption energy corresponds to a stronger binding
of CO2 on the supported cluster.

Constant-temperature (300 K and 500 K) ab initio molecular
dynamics simulations with similar parameters to those used in
geometry optimization have been performed for adsorbed CO2. In
the dynamics run, we reduced the cutoff energy to 300 eV to reduce
the computational costs. The time step was set at 0.5 fs and the sim-
ulation ran up to 2.5 ps. The most stable adsorption configurations
of CO2 on supported clusters obtained from the static relaxation
were selected as the initial configuration for the dynamic runs.

3. Results and discussion

3.1. Bi-metallic cluster supported on hydroxylated �-Al2O3
(1 1 0) surface

To shed light on the effect of Cu incorporation, CO2 adsorption
on a pure cobalt cluster Co4 has been conducted. The bimetal-
lic clusters, Co3Cu and CoCu3, as well as Co4 were modeled in
both tetrahedral and planar configurations. The tetrahedral con-
figuration is less favorable energetically than the planar one in the
gas phase. Upon binding on the hydroxylated �-Al2O3 (1 1 0) sur-
face, the tetrahedral configuration shows a stronger interaction. We
therefore focused our attention on the tetrahedral configuration in
the present study. The adsorption of the cluster was explored on
a number of surface sites. The most favorable configurations are
shown in Fig. 1(a–c), named as TCo3Cu for adsorbed Co3Cu cluster,
TCu3Co for Cu3Co and TCo4 for Co4. The clusters are located above
surface Al4c, O2c, O3c1, and O3c2 sites, with Co/Cu binding these
sites and the basal plane of the tetrahedron lying slantingly on the
surface. The O3c2 site is less active than the O2c site, indicated by

the fact that the adsorbed cluster shifted toward the O2c and O3c1
sites after relaxation. Overall, the binding sites are similar for both
clusters, while the local coordination and electronic structure dif-
fer. These differences are crucial to better understand adsorption
and activation of CO2 over the supported catalysts.
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ig. 1. Top view of the metal clusters supported on the partially hydroxylated �-A
u; gray, C; and white, H. (For interpretation of the references to color in this figure

In TCo3Cu (Fig. 1a), three Co atoms interact with the surface
irectly, forming Co3–O2c, Co2–O3c1 and three Co–Al4c bonds,
hereas Cu is located at the top vertex away from the support sur-

ace. Detailed analyses of Cu substitution of Co in different positions
howed that cobalt energetically favors the surface sites more than
opper, leading to copper at the tetrahedral vertex of the cluster
eing the most favorable. The overall binding strength of the clus-
er decreases with the Cu position in the order of vertex site, Al4c,
2c and O3c1.

The discernible coordination of Co and Cu with the surface can
e understood by considering the surface acidic/basic sites and the
lectron donating ability of Co and Cu. The electronegativities of
u, Co and Al are 1.90, 1.88, and 1.60 eV, respectively. These values

ndicate that Co has a higher electron donating ability than Cu, as
learly reflected in the isolated Co3Cu cluster, in which Cu is nega-
ively charged (Table 1). Therefore, Co interacts more strongly with
he surface basic sites than Cu does. Bader charges in Table 1 also
how that the Co atoms bound with the surface O site are positively
harged, clearly indicating the cationic nature of Co when interact-
ng with a basis site. In contrast, the Co atom binding Al4c and the
u atom in the top vertex are negatively charged, suggesting elec-
ron redistribution when the cluster is adsorbed on surface. The Co
tom became more negative, due to its interaction with the acidic
l4c site. The adsorbed cluster has a net positive charge, indicating
n electron transfer from the cluster to the surface.

When more Co atoms are replaced by Cu, the substitution is
xpected to occur at the sites in the order of decreasing binding
trength, i.e., top vertex site, Al4c, O2c, and O3c1. For TCo3Cu (Fig. 1b),
he Cu substitution occurred at the first three sites and the lone Co
emains binding the O3c1 site. Bader charge analysis shows that the
u atom binding the Al4c site and the Cu atom in the top vertex are
egatively charged, similar to those in the TCo3Cu case. As shown in

able 1, the adsorbed cluster has a smaller positive charge, indicat-
ng a weaker electron transfer from the cluster to the surface after
o was substituted by Cu.

The more significant electron transfer between the Co3Cu clus-
er and surface relative to that of CoCu3 cluster corresponds to a

able 1
ader charges (e) and adsorption energies (eV) for bimetallic clusters supported on the p

Co4 Co3Cu

Isolated TCo4

Atomic bader charge Coa 0.05 −0.27 Coa

Co −0.03 0.30 Co
Co 0.00 0.30 Co
Cob −0.02 −0.13 Cub

Net bader charge 0.0 0.19
�Ecluster

ad
−3.04

a Corresponding to atoms binding Al4c.
b The top vertex atom.
1 1 0) surface: (a) TCo3Cu; (b) TCoCu3 ; (c) TCo4 . Red, O; pink, Al; blue, Co; light brown,
d, the reader is referred to the web version of the article.)

stronger Co3Cu–surface interaction than the CoCu3–surface inter-
action. The adsorption energy of Co3Cu is −3.69 eV with respect to
the hydroxylated surface and free cluster, and is more favorable
by 0.29 eV than CoCu3 adsorption. From Co4 to Co3Cu and multi-
substituted CoCu3, the electron transfer to the substrate surface
decreases with the increased substitution. We therefore conclude
that Cu incorporation decreases the electron donating ability of the
clusters.

The above analyses demonstrated that the cluster–surface inter-
action is determined by distribution and availability of the surface
acid–basic sites as well as the nature of the metal atoms. The struc-
tural differences of these supported clusters are expected to affect
their activity as catalysts for CO2 adsorption and further reactions.
In the following sections, we examine CO2 adsorption on the two
bimetallic clusters and compare with that on the Co4 cluster. The
change in catalytic property by tuning the composition will be dis-
cussed in the context of CO2 activation.

3.2. CO2 adsorption on supported bi-metallic clusters

We explored CO2 adsorption on TCo3Cu and TCoCu3 as well as
TCo4 systematically. In all stable configurations, the adsorbed CO2
is bent, indicating it is activated. The activation of CO2 in the
adsorbed state results in a charged CO2 species, represented as
CO2

−. CO2 binds the cluster via mixed oxygen/carbon coordination
with the cluster Co or Cu atoms, or at the cluster–surface inter-
face through the oxygen/carbon coordination with cluster and the
surface hydroxyl Os and Al4c. Accordingly, the configurations of
the adsorbed CO2 can be classified into three modes. Mode 1 only
involves CO2 and the metal cluster. The adsorbed CO2 is distorted
quasi-symmetrically and bound at a metal–metal bridge site by
coordinating with two metal atoms, thus Mode 1 is also referred to

as bridge mode. Mode 2 involves both metal cluster and the sup-
porting oxide. The adsorbed CO2 is distorted asymmetrically and
coordinated with one or two metal atoms at the cluster–support
interface. Moreover, the adsorbed CO2 are stabilized by forming
a hydrogen bond with the surface hydroxyl group or by direct

artially hydroxylated �-Al2O3 (1 1 0) surface.

CoCu3

Isolated TCo3Cu Isolated TCoCu3

0.06 −0.25 Co 0.04 0.04
0.04 0.29 Cua −0.02 −0.07
0.06 0.32 Cu 0.00 0.23

−0.16 −0.21 Cub −0.02 −0.13
0.0 0.15 0.0 0.07

−3.69 −3.40
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Table 2
Adsorption energies and structural parameters of CO2 adsorbed on the �-Al2O3 supported Co3Cu cluster in different configurations (s labels the surface atom).

�Ead (eV) Oa(b)···H–Os (Å) Adsorption site C–Oa, C–Ob (Å) ∠O–C–O(◦)

Mode 1 A1 1 −0.61 No Co1–Cu4 1.24, 1.26 142.5
Mode 2 A2 1 −0.85 1.64 Co1–Co2 1.23, 1.33 131.7

A2 2 −0.82 1.62 Co1 1.21, 1.32 137.8
A2 2′ −0.61 No Co1 1.21, 1.28 142.9
A2 3 −0.88 1.62 Co1–Co2, Al4c 1.22, 1.44 123.9
A2 4 −0.83 1.68 Co1 1.21, 1.29 139.8
A2 5 −0.69 1.56 Co1 1.20, 1.32 137.5

Mode 3 A3 1 −1.34 1.65 Protonated 1.29, 1.33 115.1
A3 2 −1.39 1.49 Protonated 1.41, 1.27 118.9
A3 3 −0.62 1.62 Protonated 1.22, 1.35 123.1

Note: the apostrophe in the notation A2 2′ means the structure is same as A2 2 except without hydrogen bonding formation.

Table 3
Adsorption energies and structural parameters of different CO2 adsorption configurations on �-Al2O3 supported CoCu3.

�Ead(eV) Oa(b)···H–Os (Å) Adsorption site C–Oa, C–Ob (Å) ∠O–C–O (◦)

Mode 1 B1 1 −0.68 No Co2–Cu4 1.26, 1.26 137.2
Mode 2 B2 1 −1.04 1.62 Cu1–Co4 1.24, 1.31 131.9

B2 2 −0.46 1.53 Cu1 1.25, 1.23 139.1
B2 3 −0.11 1.66 Cu1 1.20, 1.29 139.6
B2 4 −0.42 1.55 Cu4 1.23, 1.23 142.0

Mode 3 B3 1 −1.24 1.57 Protonated 1.29, 1.32 114.9
B3 2 −1.70 1.47 Protonated 1.39, 1.26 118.4

Table 4
Bader charges (e) on adsorbed CO2 and the clusters in different configurations.

On TCo3Cu On TCoCu3

CO2 Cluster CO2 cluster

Mode 1 A1 1 −0.99 0.78 B1 1 −0.73 0.76
Mode 2 A2 1 −0.86 0.83 B2 1 −0.79 0.75

A2 2 −0.67 0.65 B2 2 −0.59 0.54
A2 3 −1.13 1.00 B2 3 −0.58 0.63
A2 4 −0.63 0.60 B2 4 −0.52 0.48
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.88
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Mode 3 A3 1 −1.30 1
A3 2 −1.33 1
A3 3 −0.93 0

nteraction of the O atom with surface Al4c atom. This mode is
eferred to as the interface mode. Mode 2 can be further divided
nto single-metal and bi-metal coordination, based on CO2–cluster
oordination. Mode 3, referred to as the protonated mode, is also
ormed at the cluster–support interface. In these configurations,
he adsorbed CO2 is further protonated by the surface OH group
hrough a proton transfer process. In the following presentation,
he adsorption configurations on TCo3Cu are denoted as A1, A2 and
3, according to their coordination modes, and on TCoCu3 as B1, B2

nd B3, and on TCo4 as O1, O2, and O3. When there is a need to
istinguish local minima, we add an additional number to the sub-
cript. For example, A2 1 and A2 2 represent the two configurations
f Mode 2 on TCo3Cu. The two oxygen atoms of CO2 are labeled as
a and Ob when they are in unequivalent positions and the oxygen

able 5
dsorption energies and structural parameters of CO2 adsorbed on Co4 (Os labels the sur

Co4 �Ead (eV) Oa(b)···H–Os (Å)

Mode 1 O1 1 −1.02 No
O1 2 −1.02 No

Mode 2 O2 1 −0.97 1.62
O2 1′ −0.65 No
O2 2 −0.96 1.59
O2 2′ −0.73 No
O2 3 −0.89 1.62
O2 3′ −0.74 No

Mode 3 O3 1 −1.56 1.60
O3 2 −1.66 1.55
B3 1 −1.26 1.10
B3 2 −1.22 1.04

of surface hydroxyl is marked as Os. All the structural parameters
and adsorption energies for these configurations are summarized
in Tables 2–5 and Fig. 2.

3.2.1. CO2 adsorption on TCo3Cu
A1 1 is the CO2 adsorption configuration on supported Co3Cu at

the bridge-site, shown in Fig. 2a. In A1 1, CO2 is distorted almost
symmetrically and bound at the Co1–Cu4 bridging site. Both Co1–C
(O) and Cu4–C (O) bonds are formed. The adsorbed CO2 is bent with

the C–O bond being lengthened to 1.24–1.26 Å and the O–C–O angle
being decreased to 142◦. Consistent with our previous work, the
adsorption led to a partially activated CO2. The adsorption energy
of CO2 in A1 1 is −0.61 eV. The adsorption of CO2 on another bridge
site, Co2–Cu4, was found to have a similar stability and a similar

face hydroxyl O atom).

Adsorption site C–Oa, C–Ob (Å) ∠O–C–O (◦)

Co1–Co3 1.25, 1.26 140.8
Co2–Co3 1.27, 1.25 139.6
Co1–Co2 1.24, 1.32 133.4
Co1–Co2 1.24, 1.27 137.2
Co1 1.21, 1.33 136.7
Co1 1.21, 1.29 141.8
Co1 1.21, 1.30 138.8
Co1 1.21, 1.28 143.6
Protonated 1.29, 1.33 115.2
Protonated 1.27, 1.41 119.6
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ig. 2. Structure of CO2 adsorption configurations on TCo3Cu. A1 1 (Mode 1); A2 1, A2

2 4 show top views and others show side views).

tretched C–O bond to those in A1 1. The results of Bader charge
nalysis for all CO2 adsorption configurations on both Co3Cu and
oCu3 are summarized in Table 4. In A1 1, CO2 has a negative charge
f −0.99 e, whereas the cluster has a positive charge of 0.78 e, indi-
ating that CO2 acts as a Lewis acid and accepts electron density
ainly from the cluster.
Several Mode-2 configurations were located at the

luster–oxide interface. In A2 1, CO2 is bound at interfacial
o1–Co2 bridge site and coordinates with two metal atoms. The

–O bonds are stretched asymmetrically (1.23, 1.33 ´̊A) with one O
tom of CO2 forming a hydrogen bond with the surface hydroxyl.
he CO2 molecular plane lay almost parallel to the cluster basal
lane. The adsorption energy of CO2 in A2 1 is −0.85 eV. The second

nterfacial configuration, A2 2, is similar to A2 1, but CO2 only
oordinates with the Co1 atom via a mixed C and O coordination.
ompared with the similar structure that has no H-bond, A2 2′ , the
xtra stability contributed from hydrogen bonding accounts for
.21 eV. We would point out that the adsorbed CO2 becomes fur-
her distorted in A2 1 and A2 2 in the presence of hydrogen bonding.
s we demonstrated later in the MD simulations, the single metal
oordinated configuration is in fact very stable. The adsorbed CO2
an rotate along the Co1–O···H axis almost freely, leading to the
ocal minima. A2 3 is another stable interfacial structure. In this
tructure, CO2 coordinates via multiple cluster and surface sites,
orming two Co–C bonds, one Co–O bond, and one O–Al4c bond
s well as a hydrogen bond. In A2 3, CO2 becomes more activated,
ommensurate with a further lengthened C–O bond and an even
maller O–C–O angle. All interfacial configurations are stabilized
y the hydrogen bonding interactions and have similar stability.

In addition to the CO2 adsorption configurations stabilized by
ydrogen bonding at the cluster–support interface, a proton from
he surface hydroxyl can be transferred to the adsorbed CO2, lead-
ng to the pronated configurations, such as A3 1, A3 2 and A3 3,
hown in Fig. 2. The A3 1 and A3 2 configurations involve the
luster–support interface, where CO2 binds both cluster metal

toms and surface Al4c. The migration of proton to CO2 causes the
luster and adsorbed CO2 to rotate, resulting in a side of the tetra-
edron lying on the surface. In A3 1, CO2 interacts with cluster and
ubstrate via C–Co1 and O–Al4c bonds. Proton was transferred to
he free Ob. While in A3 2, proton migrates to the “frozen” Oa and
3, A2 4 (Mode 2); and A3 1, A3 2, A3 3 (Mode 3). Bond lengths are in Å (A2 1, A2 2 and

CO2 interacts with two Co atoms via multiple C/O–cluster coor-
dinations. The migration of proton to the “frozen” Oa causes the
metal cluster to rotate, resulting in the Cu–O bond formation. The
adsorbed CO2 in both A3 1 and A3 2 was distorted dramatically.
The O–C–O angles decrease to 115◦ and 118◦, much smaller than
that of gas-phase CO2 (180◦) and other adsorption modes (∼140◦).
The atomic charge of protonated CO2 is −1.33 e, indicating a very
strong electron transfer from the cluster and surface to CO2. The
adsorptions of CO2 in A3 1 and A3 2 are strongly exothermic, with
an adsorption energy around ∼−1.40 eV. The adsorptions of CO2 in
these two protonated configuration are significantly stronger than
that of all other adsorption configurations. In A3 3, CO2 only inter-
acts with the copper atom via the on-top C–Cu bond. The proton
transfer to adsorbed CO2 did not cause significant changes in cluster
structure. A3 3 is much less stable than other two protonated con-
figurations, due mainly to the suppressed contribution from the
surface acidic sites.

Selecting the interfacial A2 2 configuration as the starting struc-
ture, we performed constant temperature molecular dynamics
(MD) simulations at 300 K and 500 K to examine the dynamical
aspect of CO2 adsorption on the supported metal catalysts. In the
initial structure, the CO2 molecular plane is nearly parallel to the
basal plane of the Co3Cu cluster. At 500 K, CO2 was found to rotate
around the Co–Oa···H axis almost freely while maintaining the
hydrogen bonding Oa···H–Os interaction. We selected an energeti-
cally favorable structure in which CO2 is located at a position such
that the CO2 plane is nearly perpendicular to the Co1–Co2–Co3
plane along the MD trajectory and allowed it to relax to a new min-
imum, A2 4, as shown in Fig. 2. The adsorption energy of CO2 in
A2 4 is −0.83 eV, indicating that A2 4 has almost the same stability
as other interfacial configurations. The transformation from A2 2 to
A2 4 goes through a transition state A2 5, which was obtained from
the MD trajectory at 300 K. The barrier of the transition is 0.15 eV.
Based on the MD simulation results, we conclude that the single
metal coordinated interfacial structures, A2 2 and A2 4, are rather

stable CO2 configurations.

These MD results also indicated that each activated CO2 adsorp-
tion configuration is stabilized by an activated barrier higher than
the adsorption energy. An simply estimation based on the bind-
ing energy of 0.82 eV and a pre-exponential of 1013 at 500 K would
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Fig. 3. Structures of CO2 adsorption configuration on TCoCu3 . B

ield a rate constant of 54,200 s−1. A dynamics trajectory with such
rate constant will be almost certain to lead to desorption. The fact

hat none of the trajectories at temperatures below 500 K lead to
O2 desorption indicates that the barriers of desorption for these
dsorbed CO2 are high than the adsorption energy.

Overall, the Co–Cu bridge site and interfacial Co1 site are active
ites for CO2 adsorption and activation. This is consistent with the
bove discussed electronic structure of the supported Co3Cu. In the
upported Co3Cu, Co1 and Cu4 atoms are both negatively charged
nd easily donate their electrons to CO2. The extent of activation
ncreases from the bridge site to interfacial site, and further to
rotonated structures. Table 4 summaries that the adsorbed CO2
as a significant amount of negative charge whereas the cluster
as nearly an equivalent amount of positive charge. The substrate
urface is only slightly positive. Naturally, the protonated CO2 is
he most highly activated, corresponding to the longest C–O bond,
mallest O–C–O angle and the largest amount of negative charges.
hese results confirm our previous observation that the hydroxy-
ation of the �-Al2O3 (1 1 0) surface enhances CO2 activation [30].

In addition, we observe that the cluster–support interaction cre-
tes more active sites on the supported cluster through electron
ransfer and charge re-distribution, which further affect the activity
f the supported catalysts. We found that in the interfacial config-
ration (Mode 2), the single metal coordinated configuration (A2 2
nd A2 4) and bi-metal coordinated configuration (A2 1) have the
imilar stability. Similar observations occur in the corresponding
rotonated configurations (A3 1 and A3 2). These results suggested
strong binding interaction of CO2 on Co.

.2.2. CO2 adsorption on TCoCu3
Next we examined CO2 adsorption on the supported CoCu3 clus-

er. Similarly, the adsorption configurations of three adsorption
odes are found, as summarized in Table 3 and Fig. 3. In B1 1,

O2 is bound at Co2–Cu4 bridge and symmetrically distorted. The
alculated adsorption energy of CO2 is −0.68 eV. B2 1 is the bi-
etal coordinated configuration at the interfacial Cu1–Co2 bridge,
n which CO2 binds Cu1 and Co2 atoms by multiple C and O coor-
ination. CO2 is distorted asymmetrically and its plane is parallel
o the basal plane of cluster. The CO2 adsorption energy in B2 1 is
1.04 eV, much larger than that of B1 2. Several single-metal coor-
inated interfacial configurations B2 2, B2 3 and B2 4 were obtained,
ode 1); B2 1, B2 2, B2 3, B2 4 (Mode 2); and B3 1, B3 2 (Mode 3).

including CO2 binding at the interface Cu1 atom or at top vertex
Cu4 atom. The CO2 adsorption energies of these single metal coor-
dinated interface configurations are in the range of −0.11 to 0.46 eV,
much smaller than that of bi-metal interface configuration B2 1 and
the bridge-site configuration B2 1, showing a weaker interaction
between CO2 and the cluster-oxides. Accordingly, the stability of
the protonated configurations exhibits the same trend. B3 1 and B3 2
are the single and bimetal coordinated protonated configurations,
respectively. The adsorption energy of CO2 in B3 1 is −1.24 eV, while
it is −1.70 eV in B3 2. This indicated that the bridge site involving
Co is much more active for CO2 adsorption than the single Cu site.

MD simulation at both 300 K and 500 K was carried out using
B2 1 as the initial structure. The trajectory study shows that the
adsorbed CO2 just vibrates near its initial position and no desorp-
tion happens within the simulation time. The randomly selected
structures from MD were optimized and always reached the initial
structure B2 1. This proves that B2 1 is a very stable structure and
the Cu–C and Co–C coordinates are very robust, while B2 2 and B2 3
are less stable and cannot be obtained through trajectory study
at 300 K. To get the single-metal coordinated configuration B2 2
and B2 3, a high temperature (e.g. 500 K) is necessary to overcome
the barrier to break Co–C bond. The MD simulation confirmed the
strong binding of Co toward CO2 obtained in the static calculations.

It is worth mentioning that the protonated configurations at the
interface are still the most favored, while the site activity shows a
big difference in comparison with TCo3Cu system. Contrary to the
less substituted cluster, the interface bridge site where Co is present
in CoCu3 becomes the energetically favorable site for CO2 adsorp-
tion. The interfacial single-metal coordination is unfavorable even
with hydrogen bonding’s assistance at the cluster–oxide interface.
The site activity alteration is closely related to the affinity of Cu
to CO2, which is much weaker than that of Co. In following sec-
tion we provide a detailed structural comparison to elucidate this
difference.

3.2.3. CO2 adsorption on TCo4

To understand the effect of Cu incorporation in the cobalt cluster

on Co, we studied CO2 adsorption and activation on the supported
Co4 cluster. The results were used as references for CO2 interac-
tion with the bimetallic clusters. Similar configurations to those
explored in Co3Cu and CoCu3 systems were studied for the sup-
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adsorption energy of CO2 in the bridge site decreases from −1.02 eV
in Co4 to −0.60 eV and −0.68 eV in Co3Cu and CoCu3, respectively.
Consequently, this changes the order of stability of different CO2
adsorption modes, making the most stable bridging site in Co4

Table 6
Bond lengths and adsorption energies of bi- and single-metal coordinated CO2

adsorption configurations on �-Al2O3 supported Co4.

Bi-metal O1 1 O2 1 O3 2

Co–C (Å) 1.87, 2.17 1.97, 1.92 1.89, 1.89
Co–O (Å) 2.11, 2.03 2.02 2.12
�Ead (eV) −1.02 −0.97 −1.66
ig. 4. Structure of CO2 adsorption configurations on TCo4 . Mode 1: O1 1 (side view)
2 3′ (side view); Mode 3: O3 1 and O3 2 (side view).

orted Co4 cluster. The structural parameters for all configurations
re tabulated in Table 5. Detailed structures of these configurations
re provided in Fig. 4.

O1 1 and O1 2 are the Mode 1 configurations with CO2 being
dsorbed at bridging Co1–Co4 and Co2–Co4 sites, respectively. In
ode 1, CO2 is distorted almost symmetrically and bound with

wo Co atoms through multiple Co–C and Co–O bonds. These sites
re the energetically most favorable for CO2 adsorption on the sup-
orted Co4 cluster, with the adsorption energy being −1.02 eV. O2 1

s the interfacial configuration with the Co1–Co2 bridge site being
nvolved, similar to A2 1 on TCo3Cu and B2 1 on TCoCu3 . The other
nterfacial configurations include O2 2, corresponding to A2 2, and

2 3, corresponding to A2 4, in CO2 adsorption on TCo3Cu. We also
isted the structural parameters and the adsorption energies of CO2
n the configurations that CO2 interacts with cluster and surface in
similar mode but without forming hydrogen bonding. As shown

n Table 5, the overall trend is that the interfacial configurations
re less favorable than those formed at the bridge sites, although
ydrogen bonding increases the stability by 0.15–0.32 eV. On the
ther hand, once the adsorbed CO2 became protonated, their sta-
ilities are enhanced greatly, making them, O3 1 and O3 2, the most
avorable configurations. The adsorption energies of CO2 in O3 1 and
3 2 are −1.56, −1.66 eV, respectively.

Table 6 lists a detailed comparison of bond lengths of single-
etal and bi-metal coordinated configurations. The Co–C and Co–O

onds in single-metal coordinated configurations are shorter than
he corresponding bonds of the bi-metal coordination whereas the

tabilities of these configurations are similar. These results suggest
hat the short Co–C and Co–O bonds in single-metal coordinated
onfigurations provide similar binding strength to the multiple but
onger Co–C and Co–O bonds in the bi-metal coordinated configu-
ations.
1 2 (top view); Mode 2: O2 1 and O2 1′ (top view), O2 2 and O2 2′ (top view), O2 3 and

3.3. Effect of Cu substitution on CO2 adsorption

The above results indicate that incorporating Cu into the Co
cluster definitely affects the interaction of CO2 with the supported
clusters, and the extent of the influence depends on the compo-
sition of the cluster. Our results clearly demonstrated that the
favorable adsorption site for CO2 varies as the amount of incorpo-
rated Cu changes. From Co4 to Co3Cu, and then to CoCu3, the active
sites for CO2 adsorption changes from the bridge site on cluster to
the interfacial sites, and specifically, the interfacial bridge site.

As we showed above, the vertex and interfacial metal atoms
binding the substrate Al4c site are negatively charged. Incorporat-
ing Cu reduces the electron donating ability of the cluster, thereby,
resulting in a less positively charged cluster. This will in turn
weaken the binding of the cluster toward CO . For example, the
Single-metal O2 2 O2 3 O3 1

Co–C (Å) 1.81 1.87 1.86
Co–O (Å) 1.93 1.95
�Ead (eV) −0.96 −0.89 −1.56
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Table 7
Bond lengths and adsorption energies of bi- and single-metal coordinated CO2 adsorption configurations on �-Al2O3 supported Co3Cu and CoCu3.

Bi-metal coordination On TCo3Cu On TCoCu3

A2 1 A3 2 B2 1 B3 2

Co–C (Å) 2.02, 1.91 1.93, 1.84 1.84 (C–Co) 2.27 (C–Cu) 1.81 (C–Co) 2.19 (C–Cu)
Co–O (Å) 2.00 2.09 2.06 (O–Cu) 2.12 (O–Cu)
�Ead (eV) −0.85 −1.39 −1.04 −1.70

Single-metal coordination A2 4 A3 1 B2 3 B3 1
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Co–C (Å) 1.89
Co–O (Å) 1.95
�Ead (eV) −0.83

luster not favorable any more in both Co3Cu and CoCu3. This is
onsistent with the fact that the electron donating ability of the
ransition metals decreases from the left to right in the periodic
able and consistent with the previous study [31].

Table 7 compares the detailed geometry of the interfacial config-
rations formed on the supported Co3Cu and CoCu3. In supported
o3Cu, the interfacial sites were not affected because Cu substitu-
ion took place at the top vertex site. As a result, the interfacial sites
howed a similar activity toward CO2 adsorption. The CO2 adsorp-
ion energy is reduced slightly due to Cu incorporation. When more
u was incorporated, as in CoCu3, the Cu–C and Cu–O bonds at the
ingle metal site became much longer than the Co–C and Co–O
onds at the interfacial bridge site, corresponding to the weak
inding ability of Cu to CO2. This resulted in the interfacial single
etal site being the least favorable for CO2 adsorption on supported

oCu3.
Clearly, the complex formed from CO2 adsorption at the

luster–support interface is controlled by composition and struc-
ural details. The correlation between the composition and
nterfacial structure provide us a means to manipulate the atomic
tructure at the interface by tuning catalyst composition. As
ndicated by the results in the present study, increasing the Cu com-
osition to CoCu3 forces Cu to the interfacial site, which affects the
eactivity of the Co-based cluster. On the supported pure Co clus-
er, the symmetrically activated CO2 species in the bridging Co–Co
s the energetically favorable species. In the supported Co3Cu, CO2
ctivation at the interfacial sites becomes favorable, resulting in the
symmetrically activated CO2 species. With more Cu incorporated,
s in CoCu3, the asymmetrically activated CO2 species at the inter-
acial bridge site (bi-metal coordination) becomes favorable. These
hanges in active sites for CO2 adsorption and activation due to Cu
ubstitution may also alter reaction pathways and affect final prod-
ct distribution. For example, the C-center of the asymmetrically
ctivated CO2 may be facile to direct hydrogenation while main-
aining the dangling C–O bond, making oxygenate species (such as

ethanol) possible products in direct CO2 hydrogenation.

. Conclusion

Adsorption and activation of CO2 on the �-Al2O3 supported
imetallic Co–Cu clusters have been studied using DFT slab cal-
ulations. In particular, we examined the effect of substitution of
o by Cu in the supported metal cluster on the cluster’s reactivity
oward CO2 adsorption and activation. On the basis of the results,
e conclude:

1) Adsorbed CO2 on the �-Al2O3 supported Co4, Co3Cu, and CoCu3

is highly activated, indicated by the elongated C–O bond(s) and
reduced O–C–O angle. Finite temperature molecular dynamics
simulations show that each CO2 adsorption configuration is sta-
bilized by an activation barrier higher than the corresponding
adsorption energy.

[
[
[

[

90 1.98 (C–Cu) 1.91 (C–Cu)
2.04 (O–Cu)

1.34 −0.11 −1.24

(2) The active site for CO2 adsorption and activation varies as the
composition of the cluster changes. On supported Co4, CO2 is
activated almost symmetrically at the Co–Co bridge site away
from the interface. In both supported Co3Cu and CoCu3, CO2
activation occurs at the cluster–support interface, resulting in
asymmetrically activated CO2.

(3) The presence of surface hydroxyls helps to stabilize the
adsorbed CO2 species by either hydrogen bonding or proto-
nating CO2. The hydrogen bonding stabilizes the structure by
∼0.2 eV whereas protonation has a much pronounced effect.
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